Objective: The aim of this study was to assess the relationship between high monounsaturated fatty acids (MUFAs) with different levels of polyunsaturated-to-saturated fatty acid (P/S) ratios and body fat loss in diet-induced obesity (DIO) models. Design: Male Golden Syrian hamsters were randomly assigned to the control group (n ¼ 12) and obesity group (n ¼ 24) for 4 weeks of the high-fat DIO period; afterward, six hamsters from each group were killed. The remaining control hamsters were still fed a low-fat diet. For an additional 8 weeks, the remaining obesity hamsters were switched to a low-fat diet and subdivided into three subgroups (n ¼ 6/group): the obesity-control (ObC) group, high MUFA with high P/S ratio oil (HMHR) group and olive oil (OO) group. Serum insulin and leptin concentrations were measured, and hepatic fatty acid metabolic enzymes and adipose differentiation markers were determined using enzyme activities analysis, western blot and semiquantification reverse-transcription PCR. Results: No difference was observed in the mean energy intake through all study periods. After the DIO period, the obesity group increased in weight gain and epididymal fat weight compared with the control group. DIO hamsters in the HMLR group had significant reductions in white adipose tissue deposition and plasma leptin levels, suppression in adipose peroxisome proliferator-activated receptor-g (PPARg) and lipoprotein lipase (LPL) mRNA expressions and increases in hepatic acyl-CoA oxidase and carnitine palmitoyltransferase-I activities and mRNA levels compared with those in the ObC group. The HMHR group had upregulated phosphorylation of hormone-sensitive lipase (HSL) relative to total HSL protein levels compared with the OO group. However, the OO group had significantly elevated hepatic de novo lipogenesis compared with the HMHR group. Conclusions: HMHR seemed to be beneficial in depleting white adipose tissue accumulation by decreasing adipose PPARg and LPL mRNA expressions and mediating phosphorylation of HSL, and by improving hepatic lipolytic enzyme activities and mRNA expressions involved in b-oxidation in DIO hamsters.
Introduction
Obesity is a global health problem associated with metabolic syndromes, including type 2 diabetes, hyperlipidemia and hypertension. 1 It is generally believed that an imbalance between energy intake and energy expenditure is the main reason for overweight and obese outcomes, with several genetic, dietary and lifestyle patterns closely related to this development. 2, 3 Dietary programs that reduce obesity through decreased energy intake from fat may serve as effective options for improving complications from obesity. 2 Olive oil is central to the Mediterranean diet and consists of a high amount of monounsaturated fatty acids (MUFAs), and a number of human studies have shown its influences on positive weight control. 4, 5 Nevertheless, negative effects have been reported in studies with rats and mice featuring high-MUFA diets, 6, 7 suggesting that a high-monounsaturated fat diet providing 438% of total energy is not beneficial. 8 A high-fat diet provides higher dietary energy density and causes obesity; 7, 9 however, the relationship between a low-fat diet rich in MUFA, fat types and obesity control has not been fully addressed. Field et al. 10 showed that diets high in a polyunsaturated-to-saturated fatty acid (P/S) ratio ameliorated insulin action in streptozotocininduced diabetic rats fed a high-fat diet. Several studies have focused on the effect of P/S ratios (from 0.25 to 6.08) of dietary oils on blood lipids and hepatic lipid metabolism. [11] [12] [13] [14] These studies commonly discussed P/S ratios of o3.0. 10, [12] [13] [14] Our previous finding showed that oil with a high P/S ratio was important in lowering body fat accumulation, and high MUFA oil with a high P/S ratio (HMHR; consisting of 60% MUFA of the total fatty acids with high P/S ratio of 5) may prevent high-fat diet-induced increases in body weight and body fat. 15 Compared with HMHR oil, olive oil consists of high MUFA but with a lower P/S ratio; this difference may be one of the reasons preventing fat deposition in obese animals. However, the relationship between MUFA, P/S ratios and obesity control has not been fully addressed, and it remains unclear whether a high P/S ratio could have fat-lowering benefits in obese animals. Adipose tissue is not only a complex metabolic organ involved in the regulation of lipid and carbohydrate metabolism, but also a multiple endocrine organ involved in the secretion of leptin and adiponectin. 16 Moreover, peroxisome proliferator-activated receptors (PPARs) are ligand-dependent transcription factors belonging to the nuclear receptor superfamily. There are three PPAR isoforms, termed PPARa, PPARg and PPARb/d. 17 PPARg is highly expressed in white adipose tissue and its activation has a key role in adipocyte development and differentiation. 18 PPARg activation mediates the expression of several target genes implicated in adipose tissue accumulation, such as lipoprotein lipase (LPL), hormone-sensitive lipase (HSL), adipose triglyceride lipase (ATGL, also called PNPLA2 and desnutrin), leptin and adiponectin. [19] [20] [21] LPL is located on the surface of endothelial cells and is an enzyme responsible for the hydrolysis of blood triglyceride-derived lipoproteins, including chylomicrons and very low-density lipoproteins. 22 These hydrolyzed fatty acids directly enter peripheral tissue and white adipose tissue. In Zucker obese rats, the relationship of LPL and fat accumulation has been shown: an elevation of adipose tissue LPL activity is accompanied by increasing adipose tissue triglyceride uptake. 23 In contrast, HSL and ATGL are the key enzymes catalyzing the lipolysis of triacylglycerol in adipose tissue and its high activity attenuates triglyceride accumulation in adipocytes. 24 High-fat diets have been shown to elevate PPARg expression, leading in adipose tissues to an increase in lipogenic gene expression. 19 Therefore, after ingesting oil consisting of different P/S ratios and MUFA percentages, it is essential to determine whether obese animals fed a low-fat diet feature fat accumulation and obesity control changes related to modifications in adipocyte-derived hormones (leptin and adiponectin), adipocyte-derived enzymes (LPL and HSL) and adipocyte-specific gene (PPARg) expressions. Obese hamsters were particularly chosen as the experimental model not only because they show dietary obesity stemming from a decrease in energy expenditure (diet-induced thermogenesis) resembling human obesity, 25 but also because their lipid metabolism similarly mirrors human function.
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Materials and methods
Animals and experimental design A total of 24 male 6-week-old Golden Syrian hamsters were purchased from the National Laboratory Animal Breeding and Research Center. Hamsters were communally housed in plastic cages (two per cage) and placed in an air-conditioned room (22 ± 2 1C, 65 ± 5% relative humidity) with a 12-h light and 12-h dark cycle. For a 1-week adaptation period, they were fed water and a basic diet (Rodent Laboratory Chow 5001; PMI Nutrition International Inc., St Louis, MO, USA). All animal experimental procedures followed published guidelines approved by the institutional animal care and use committee of the Taipei Medical University, Taipei, Taiwan. After an adaptation period, hamsters were randomly assigned to the control group (n ¼ 12) and the obesity group (n ¼ 24). For the 4 weeks of the diet-induced obesity (DIO) period, hamsters in the control group were fed a low-fat (soybean oil) diet, which provided 3.8 kcal g -1 , 9.5% of energy as fat, 14.7% as proteins and 75.8% as carbohydrates; meanwhile, hamsters in the obesity group were fed a high-fat (soybean oil) diet containing 5.1 kcal g -1 , 52.9% of energy as fat, 14.7% as proteins and 32.4% as carbohydrates, according to the American Institute of Nutrition (AIN)-93M formulation 27 and modification. As the source of fat in AIN-93 for long-term and short-term studies, soybean oil is recommended because of its linolenic acid. Animals were fed ad libitum until the obesity group showed significantly higher body weight than the control group (Po0.01), and six hamsters from each group were then killed.
For an additional 8 weeks, the remaining control group hamsters continued their original diet (CC group), whereas the remaining obesity hamsters were subdivided into three subgroups (n ¼ 6/group), with each obesity subgroup switched to a low-fat diet (9.5% of energy as fat) consisting Fatty acid ratios on fat loss in diet-induced obese hamster F-H Liao et al of different oils. One obesity-control (ObC) group was fed a low-fat diet similar to the CC group. Another obesity group was given high MUFA oil with a high P/S ratio (HMHR), composed of high-oleic canola oil and olive oil, and the third obesity group was given olive oil (OO). All animals had free access to distilled water and isocaloric diets for 8 weeks. Food intake was measured daily and body weights were measured weekly.
After 8 weeks of this experimental period, hamsters were fasted for 12 h, and under inhalation anesthesia (diethyl ether), blood samples were collected by cardiac puncture and transferred into tubes containing EDTA. After centrifugation (3500 r.p.m. for 15 min at 4 1C), plasma was immediately obtained. Liver and white adipose tissue from epididymal and retroperitoneal locations were dissected, weighed and quickly frozen in liquid nitrogen. All samples were stored at À80 1C until analysis.
Fatty acid composition analysis
High-oleic canola oil, olive oil and soybean oil were obtained from local supermarkets and analyzed using gas chromatography. The HMHR oil was then made up of high-oleic canola oil and olive oil and analyzed using gas chromatography. Each oil fatty acid fraction was analyzed three times with heptadecanoic acid (C17:0) as the internal standard. According to the method of Morisson 29 and ACC activity was determined as described in a previous study by Numa et al. 30 The peroxisomal ACO activity of liver postnuclear supernatant samples, assayed according to the method of Small et al., 31 was expressed as nmol of palmitoyl-coenzyme A-dependent formation of hydrogen peroxide per min per mg protein.
Malic enzyme was measured using a method described previously. 32 In brief, liver samples were homogenized in 4 vol (wt/vol) of 0.25 mol l -1 sucrose, and tissue homogenates were centrifuged at 13 000 Â g for 15 min at 4 1C. The supernatant fluid was collected and measured. Malic enzyme activity was expressed as nmol of NADPH formed per min per mg protein.
Carnitine palmitoyltransferase-1 (CPT-I) activity was assessed in the mitochondrial fraction using the method of Bieber et al. 33 In brief, liver samples were homogenized in Fatty acid ratios on fat loss in diet-induced obese hamster The PCR amplification reaction mixture in a final volume of 50 ml contained diethylpyrocarbonate water, 1 ml of cDNA, 1 ml of 10 mM forward primer, 1 ml of 10 mM reverse primer, 1 Â Pro Taq buffer, 200 mM deoxyribonucleotide triphosphate mixture and 2.5 units of Pro Taq DNA polymerase (Protech). Specific forward and reverse primers and PCR conditions are Fatty acid ratios on fat loss in diet-induced obese hamster F-H Liao et al shown in Table 2 . Primers used to amplify hepatic FAS, ACC, malic enzymes, ACO, CPT-I and adipose ATGL cDNA were newly designed, and adipose tissue LPL, 35 Table 3) . Before the experimental period, all three obesity subgroups had significantly higher initial body weights than the CC group. At the end of the period, no differences in mean daily food intake and final body weight were found ( Table 3 ). The CC group had significantly higher weight gain than the three obesity subgroups after 8 weeks (Po0.05). Liver weight and relative liver did not differ among groups. HMHR and CC groups had lower relative epididymal fat weight compared with the ObC and OO groups (Po0.05). Moreover, HMHR group had significantly lower relative retroperitoneal fat weights than the ObC group (Po0.05).
Plasma parameter concentrations
The OO group had significantly higher plasma total cholesterol levels than the CC and ObC groups, and also Abbreviations: CC, original diet group, the remaining hamsters in the control group; DIO, diet-induced obesity; HMHR, the remaining DIO hamsters fed oil with high MUFA with high P/S ratio oil; ObC, obesity-control, the remaining DIO hamsters in the obesity group; OO, the remaining DIO hamsters fed olive oil. Data are means±s.d. (n ¼ 6). *Significantly different from the control group using an unpaired t-test (Po0.05). a,b,c Means without a common letter differ by one-way analysis of variance (ANOVA) followed by Fisher's least significant difference (LSD) test (Po0.05).
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had the highest plasma high-density lipoprotein cholesterol levels among the groups after 8 weeks (Po0.05, Table 4 ). The HMHR group had significantly lower plasma leptin concentrations than the ObC group (Po0.05). No differences in plasma triglyceride, nonesterified fatty acid, glucose, insulin and adiponectin concentrations were observed.
Hepatic enzyme activities and mRNA expressions
The OO group had significantly increased hepatic FAS activities compared with other groups (Po0.05, Figure 1a) . The three obesity subgroups had increased hepatic FAS mRNA levels compared with the CC group (Po0.05, Figure 2a ). The OO group had increases in hepatic malic enzyme activities and mRNA levels compared with the CC group, and the HMHR group had an increase in malic enzyme activities (Po0.05, Figures 1c and 2a) . Hepatic ACC activities and mRNA levels did not differ among groups (Figures 1b and 2a) . The HMHR group showed significantly greater hepatic ACO mRNA expressions than ObC and CC groups (Po0.05, Figure 2b ). HMHR and CC groups had significantly elevated hepatic ACO activities compared with the ObC group (Po0.05, Figure 1d ). The HMHR group showed the highest hepatic CPT-I activities and mRNA expressions among the groups (Po0.05, Figures 1e and 2b) .
Western blot analysis and mRNA expressions in the adipose tissues The adipose HSL protein content of ObC and OO groups was significantly higher than that of the CC group (Po0.05, Figure 3c ), and the Ser563 phospho-HSL protein content of the ObC group, but not of the OO group, was higher than that of the CC group (Figure 3b ). Both adipose LPL and ATGL protein expressions did not differ among groups (Figures 3d  and e) . The ObC group had significantly increased PPARg and ATGL mRNA levels among groups (Po0.05, Figure 4 ). The HMHR group had significantly decreased LPL mRNA levels among groups (Po0.05, Figure 4b ). The OO group had significantly higher HSL mRNA levels than the CC and ObC groups (Po0.05, Figure 4b ).
Discussion
This study showed that high MUFA percentages incorporated with high P/S ratio groups decreased fat accumulation in DIO hamsters by enhancing b-oxidation of lipolytic enzyme Table 3 . a,b Means without a common letter differ by one-way analysis of variance (ANOVA) followed by Fisher's least significant difference (LSD) test (Po0.05).
Fatty acid ratios on fat loss in diet-induced obese hamster F-H Liao et al activities and mRNA levels in liver tissues, inhibiting LPL mRNA expressions in white adipose tissues and lowering plasma leptin concentrations. During the 4 weeks of high-fat DIO period, the obesity group and the control group featured similar energy intakes, yet compared with the control group, the obesity group had a significant increase in weight gain (approximately 68%), epididymal fat weight (approximately 46%) and retroperitoneal fat (approximately 32%). These findings indicate that hyperadiposity seems to develop as a result of food intake reductions in response to a high-fat diet, not excessive food intake, conforming to the results of a study by Wade et al. 25 Although the obesity group increased final body weight (approximately 15%) with no significant difference when compared with the control group (P ¼ 0.0581), the sample size of this study may be a limitation. The DIO period could extend 6 weeks to reach a distinguishable final body weight. In a rat model, feeding of a high lard (saturated fat) diet induces obesity accompanied by metabolic syndromes, 9 whereas feeding of polyunsaturated fatty acids (PUFA) improved insulin resistance and obesity-associated symptoms. 38 In this study, no such observations regarding additional increased levels of plasma lipid profiles, glucose and insulin among groups were observed, suggesting that hamsters fed a high unsaturated fat (soybean oil) diet induced into obesity might not impair metabolic homeostasis. It is well known that excessive body fat accumulation causes impaired glucose and lipid utilization, such as insulin resistance, higher nonesterified fatty acid and dyslipidemia. 1 The failure to observe metabolic syndromes in the study may be because of the short DIO period (only 4 weeks) and different types of fatty acids. Leptin is an adipocyte-derived hormone that regulates food intake, energy homeostasis and lipid metabolism, as well as stimulates triglyceride depletion in white adipose tissue. 39 Several studies have shown that circulating leptin concentrations were positively correlated with visceral adipose weight when comparing olive oil with high Table 3 .
Means without a common letter differ by one-way analysis of variance (ANOVA) followed by Fisher's least significant difference (LSD) test (Po0.05).
Fatty acid ratios on fat loss in diet-induced obese hamster F-H Liao et al saturated fatty acid palmitic acid, 40 and not influenced by high-fat rat diets containing different fat types compared with olive oil (MUFA), beef tallow (saturated fatty acid) or safflower oil (n-6 PUFA). 41 In contrast, despite similar food intake among groups, plasma leptin concentrations were also lower in HMHR groups, which is consistent with the lower epididymal white adipose tissue compared with the ObC group; however, no differences in plasma leptin concentrations and white adipose tissue were found between OO and ObC groups. These results indicate that high P/S ratio is a key point in decreasing plasma leptin concentrations and depleting epididymal white adipose tissue accumulation in DIO hamsters switched to a low-fat diet. In addition, leptin does not have a major role in the regulation of food intake in this model. Therefore, potential reasons may be related to rodent strain. 26 High-fat diets are known to induce PPARg expression, mediating the expressions of LPL and HSL in adipose tissue. 20 Compared with fat types, high n-6 PUFA (safflower oil) diets significantly increased in adipose PPARg2 gene expression compared with saturated fatty acid and n-3 PUFA. 42 Our results showed similar findings in PPARg responsiveness to n-6 PUFA linoleic acid. DIO hamsters fed soybean oil rich in n-6 PUFA had the highest PPARg mRNA levels compared with those fed both kinds of high MUFA oil (HMHR and olive oils). In addition, HSL-deficient mice had decreases in mRNA expressions of adipose LPL and PPARg. 43 However, the present study failed to find increases in HSL mRNA levels, possibly because of the lack of influence of both MUFA and P/S ratio on adipose HSL expression. Contrary to HSL mRNA levels, the fourfold difference in LPL mRNA levels seems to have led to the greatest difference in epididymal adipose tissue between the HMHR and OO groups. HSL is activated by protein kinase A, adenosine monophosphate-activated protein kinase and mitogen-activated protein kinase pathways, phosphorylating at least five serine residues, and the phosphorylation of HSL on Ser563 is stimulated by protein kinase A. 44 By examining total HSL and phosphorylation of HSL proteins, DIO hamsters fed high MUFA and high P/S ratio oil seem to slightly upregulate the protein content of phosphorylation of HSL on Ser563 relative to total HSL protein levels. Those fed soybean oil and olive oil induced total HSL protein levels, but not accompanied by increases in phosphorylation of HSL on Ser563 protein levels. These findings suggest that increases in the protein content of phosphorylation of HSL result in the depletion of white adipose tissue mass in response to high MUFA and high P/S ratio oil diets. Recently, it is identified that ATGL hydrolyzes triacylglycerol and HSL hydrolyzes diacylglycerol. 44 ATGL mRNA and protein induced by high-fat diets was shown by Kershaw et al. 45 In this study, DIO hamsters fed soybean oil rich in n-6 PUFA had the highest ATGL mRNA levels, which is consistent with the highest PPARg mRNA levels, suggesting that n-6 PUFA, but not MUFA, upregulated ATGL mRNA expression in DIO hamster. Moreover, unsaturated fatty acids, as ligands for nuclear receptors, may affect either proteolytic cascade or post-translational protein synthesis of adipose LPL, HSL and ATGL. Using DIO hamsters, the different promotion effects of high MUFA with a high or low P/S ratio on hepatic lipid synthesis and oxidation were shown. It is well known that malic enzyme catalyzes the reversible decarboxylation of malate to pyruvate and carbon dioxide, generating NADPH, which increases hepatic lipogenic capacity in the cytoplasm. Hepatic ACC activity, which converts acetyl-CoA to malonyl-CoA, is involved in the rate-limiting step of the fatty acid synthesis pathway. 46 Moreover, malonyl-CoA is an essential precursor for fatty acid synthesis, inhibiting CPT-I activity to avoid new synthesized fatty acids from entering the mitochondria and being oxidized. In fatty acid synthesis, malonyl-CoA and acetyl-CoA are the donors of 2-carbon units, ultimately resulting in palmitate. In this study, although DIO hamsters fed olive oil had a very significant rise in FAS activities (de novo lipogenesis) and Table 3 . a,b Means without a common letter differ by one-way analysis of variance (ANOVA) followed by Fisher's least significant difference (LSD) test (Po0.05). HMHR, high MUFA and high P/S ratio.
Fatty acid ratios on fat loss in diet-induced obese hamster F-H Liao et al malic enzyme mRNA levels in the liver, no significant differences in malic enzyme and ACC activities in both HMHR group and OO group were observed. On the basis of fatty acid synthesis pathways, olive oil with a low P/S ratio seems to increase endogenous lipogenesis in the liver compared with HMHR oil. In addition, Ren et al. 47 reported that PUFA suppressed hepatic FAS gene expression. Because olive oil consists of small amounts of PUFA, this may also explain why it may induce higher FAS activity. The influence of P/S ratios on macronutrient oxidation has been reported in clinical and animal studies. In clinical trials, low P/S ratio diets in obese subjects had lower postprandial fat oxidation than high or low P/S ratio diets in lean subjects. 48 Jones et al. 48 observed that whole-body fat oxidation, using stable isotope-labeled fatty acids, was greater after a high P/S ratio diet of 1.0 than one with P/S ratio of 0.2 in healthy subjects. 49 In streptozotocin-induced diabetic rats, high-fat diets with a high P/S ratio of 1.0 significantly improved glucose oxidation and incorporation into lipids in adipocyte tissue compared with low P/S ratio diets of 0.3. 10 Moreover, reducing body fat accumulation by lowering dietary fat amount was reported by Jackman et al.
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, who found that obese rats switched to ad libitum feedings of a low-fat diet resulted in a high, steady rate of fat oxidation compared with those switched to an energy-restricted and low-fat diet.
For our study, the activities of hepatic lipolytic enzymes involved in b-oxidation, including ACO and CPT-I (the rate-limiting enzyme for fatty acid b-oxidation), were greater in the HMHR group than in the OO group. These responses in epididymal adipose tissue were lower in HMHR group than in the OO group. Consistent with our previous study, hepatic fatty acid oxidation enzymes increases in response to high MUFA and high P/S ratio oil diets. 15 In conclusion, we found that HMHR seemed to beneficially deplete white adipose tissue accumulation by decreasing plasma leptin concentrations, suppress adipose PPARg and LPL mRNA expressions and improve hepatic lipolytic enzyme activities involved in b-oxidation in DIO hamsters, whereas OO induced hepatic endogenous lipogenesis and did not reduce body fat deposition.
